Thirty new title compounds along with five known analogues were prepared from commercially available 2-arylhydrazin-1-ium chlorides and α-ketoglutaric acid. The mycelium growth rate method was used to evaluate inhibition activity against six strains of plant pathogenic fungi. Most of the compounds displayed the activity for each the fungi at 150 μΜ, higher than azoxystrobin, a positive drug. Compound 6-2 showed the lowest average IC 50 value of 4.58 μg/mL for all the fungi where F. solani exhibited the highest susceptibility to most of the compounds. For F. solani, some compounds were more active with IC 50 values of 2.67-8.48 μM than thiabendazole (IC 50 = 9.30 μM) and/or carbendazim (IC 50 = 3.36 μM). The SAR showed that the activity is significantly affected by substituents on the A-ring and/or D-ring along with the degree of unsaturation of the C-ring. Thus, a series of new β-carboline compounds with potent antifungal potential were found.
The most common plant disease is a variety of mycoses caused by plant pathogenic fungi, which only influence the output and quality of agricultural products but also lead to a food safety problem due to their mycotoxins harmful to animal and human health 1 . Therefore, plant mycosis is an important problem of agricultural production worldwide 2 . In current agriculture, the prevention and control of plant mycoses mainly depends on widespread application of various fungicides. However, due to the persistent and incorrect use of some commercial fungicides, drug resistance or environmental pollution has become an increasing concern 3 . Thus, it is necessary to develop new fungicides with novel molecular skeletons and environmentally friendly property. In this respect, natural product-based drug discovery has showed great potential due to the high environment compatibility of natural products in the last twenty years 4 .
In recent years, our interests have focused on sanguinarine (SA) and chelerythrine (CH) ( Fig. 1) , two quaternary benzo[c]phenanthridine alkaloids (QBAs) with a variety of pharmacological activities, and their simple structural analogues. Our previous investigations demonstrated that the iminium moiety (C=N + ) in SA and CH is a determinant factor for their various bioactivities [5] [6] [7] [8] including antifungal 5 . This result prompted us to design a class of 2-aryl-3,4-dihydroisoquinoliums (ADHIQs) as simple structural analogues of SA or CH ( Fig. 1) with the aim of developing QBAs-like drugs. Compared with SA or CH, these analogues generally showed the higher anti-phytopathogenic [9] [10] [11] [12] [13] , anti-cancer 8, 14 and acaricidal activities 15, 16 . Additionally, the analogues also showed high safety to plant growth 17, 18 . Based on the results above and the antifungal activity of β-carbolines, we further designed a class of hybrids of ADHIQs and β-carbolines, i.e., 2-aryl-3,4-dihydro-β-carbolin-2-iums (ADHBCs) ( Fig. 1 ) in order to find more potent antifungal compounds. Satisfyingly, some of the ADHBCs indeed showed the stronger activity than the corresponding ADHIQs 19 . Preliminary structure-activity relationship (SAR) showed that the substituents on the D-ring are able to significantly impact the activity of ADHBCs. As our continuing study, herein we reported a range of new ADHBCs with a structural feature of 6-methyl on the A-ring and their inhibition activity against phytopathogenic fungi. Furthermore, the SAR was also discussed. This investigation Bioactivity. The antifungal activity in vitro of compounds was assayed according to the mycelium linear growth rate method 11 . Plant pathogenic fungi Colletotrichum gloeosporioides, Fusarium oxysporum f. sp. cucumerinum, Fusarium oxysporum f. sp. vasinfectum, Fusarium oxysporum sp. niveum, Fusarium.solani and Physalospora piricola were used as test fungi. The preliminary activities of compounds 6-n and 7 were determined at 150 μM (ca. 50 μg/mL). Commercial fungicide standards thiabendazole (TBZ), azoxystrobin (ASB) and carbendazim (CBZ) were used as the reference. The results are shown in Table 1 .
Satisfyingly, most of the compounds revealed the good to excellent activity with average inhibition rates of 72-96% against all the fungi, superior to that of ASB (64.5%). According to the average inhibition rates, compounds 6-n may be divided into four groups. The first group consisting of 6-2, 6-4 and 6-14-6-16 showed the highest activity with average inhibition rates of 92-96%. The 2 nd group including 18 compounds (6-1, 6-3, 6-6, 6-7, 6-9, 6-10, 6-13, 6-17-6-22, 6-26, 6-27, 6-32 and 6-33) showed the higher activity (71-89%). The 3 rd group containing 5 compounds (6-5, 6-8, 6-12, 6-23 and 6-24) displayed the moderate activity (46-66%). The last group consisting of the other (6-11, 6-25 and 6-28-6-31) gave very low or less activity (≤11%). For compounds 6, almost half of all the test items (100/204) revealed >80% of inhibition rate.
In order to explore the antifungal potential and SAR, the more active compounds in Table 1 were subjected to determination of median inhibition concentrations (IC 50 ). Thiabendazole (TBZ) and carbendazim (CBZ) were used as positive controls. Compound 6-34 (R 1 = R 2 = H) were used as a reference control. The results are shown in Table 2 .
Seventeen compounds showed average IC 50 values of 12.3-45 μM against all the fungi. Among them, compounds 6-2 and 6-6 gave average IC 50 values of <20 μM, eleven compounds ( Table 2 ). However, 6-OMe only significantly increases the activity against F. oxysporum sp. niveum (6-1 vs 6-33) ( Table 1 ). By contrast, 7-F enhances the activity against C. gloeosporioides, F. oxysporum sp. niveum and P. piricola but reduces the activity against the other fungi (6-1 vs 6-32) ( Table 1) . Interestingly, 6-Me, 6-OMe and 7-F improve the activity against F. oxysporum sp. niveum (Table 1) . A similar case was also observed for substituents on the D-ring. For the halogenated compounds, compared with 6-1 (R 2 = H), 2′-F (6-2), 4′-F (6-4), 3′-Cl (6-6), 4′-Cl (6-7) and 3′-Br (6-9) dramatically improve the activity against most or half of the fungi while 3′-F (6-3), 2′-Cl (6-5), 2′-Br (6-8), 4′-Br (6-10), 2′-I (6-11), 3′-I (6-12) and 4′-I (6-13) reduce the activity against most or all of the fungi. It is worth noting that all the mono-halogenated compounds except 6-8 (2′-Br) and 6-11 (2′-I) show enhancement effect of the activity against both C. gloeosporioides and P. piricola (6-2−6-7, 6-9, 6-12, 6-13 vs 6-1). By contrast, only the minority of the mono-halogenated compounds display improvement of the activity on the other fungi (6-2−6-13 vs 6-1). Unexpectedly, dihalogenation of the D-ring causes dramatic decrease or loss of the activity in all the cases (6-28-6-31 vs 6-1) except 2′,6′-diF (6-27) increasing the activity against part of the fungi.
In addition, 2′-, 3′-or 4′-Me can also improve the activity against half or most of the fungi (6-14−6-16 vs 6-1), where three methylated compounds increase the activity on both F. solani and P. piricola. In contrast to methyl (a weak electron-donating group) or halogen atoms (a weak electron-withdrawing group), OH, OMe, CF 3 , NO 2 or acetyl as strong electron-donating or electron-withdrawing groups decreases the activity against most or all of the fungi (6-17-6-26 vs 6-1). Interestingly, three methoxy-substituted isomers (6-17-6-19) and two out of three hydroxylation isomers (6-20-6-22) show improvement of the activity against both F. oxysporum sp. niveum and P. piricola compared with 6-1.
The above SARs are similar but not the same as that of 2-aryl-3,4-dihydro-β-carbin-2-niums without substituents on the A-ring 19 , where the activity order of the three methylated compounds against F. solani is 2′-Me isomer ≈4′-Me isomer >3′-Me isomer. However, for the present compounds with 6-Me, three methylated compounds show the different activity order for F. solani: 3′-Me isomer (6-15) > 2′-Me isomer (6-14) > 4′-Me isomer (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) . A similar trend of the activity was also found for hydroxyl-substituted isomers (6-20−6-22) . Undoubtedly, the difference is caused by the introduction of 6-methyl to the A-ring, suggesting that substituents on the A-ring influence the effect of substituents of the D-ring on the activity. In other word, there exists an interaction effect between substituents of both the A-ring and the D-ring on the activity.
Comparison of the activity of the 3,4-dihydro compound 6-32 and its full aromatic derivative 7 found that the C-ring aromatization leads to dramatic decrease of the activity. This case is agreement with that of 2-aryl-3,4-dihydro-β-carbon-2-niums without substituents on the A-ring 19 . This result in combination with the aforementioned substituent effect again suggests that the activity of the compounds is affected by the electron density distribution on its molecular framwork, especially on the C=N + bond as a structural determinant of the bioactivities including antimicrobial, acaricidal, anticancer and anti-acetylcholinesterase activity [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] 19, 21 . Interestingly, 6-2 gave almost the same EC 50 values (≈10.4 μM) for F. oxysporum f. sp. vasinfectum and P. piricola, but showed two obvious different concentration-effect curves for the two fungus species (Fig. 4) . Similarly, compounds 6-7 and 6-15 having almost the same EC 50 values (≈2.7 μM) for F. solani also showed the different concentration-effect curves (Fig. 5 ). The trend of two curves in Fig. 4 indicates that 6-2 is obviously more active against F. oxysporum f. sp. vasinfectum than P. piricola while Fig. 5 shows that 6-15 is more active than 6-7 against F. solani. The results above suggest that there are very likely more than one bio-target in the same fungal cell for this class of compounds. The speculation above may be supported to some extent by the fact that SA or CH, as the model compound of 6-n, can affect the activities of various enzymes in cells 22 . For the fungus having multi-acceptors of the compounds, an IC 50 value actually reflects a combined consequence of action of the compound and all the corresponding acceptors in the fungal cell. Although the same class of compounds may have different degree of biological effect for one specific bio-target in the same fungal cell, it is still possible for these compounds to have the same or similar overall biologic effect such as IC 50 values for the fungus containing multi-acceptors. Obviously, for the fungi having multiple drug targets, IC 50 values don't fully or exactly reflect the difference of the activity of the different drug. However, to date, no representation methods of activity suitable for the situation above has been reported. In our opinion, using [IC 50 × (IC 90 − IC 50 )] 1/2 instead of IC 50 should be more reasonable to represent the strength of activity.
Compared with the isoquinoline analogues (ADHIQs) ( Fig. 1) with the same 2-aryl, the present compounds are more active in most cases. For example, for F. oxysporum f. sp. vasinfectum, compound 6-2 (R 2 = 2′-F) with an IC 50 value of 10.3 μM was more active than the corresponding 2′-F-subtituted isoquinoline compound (R 1 = H) 12 . A similar case was also observed in our previous study on antifungal activity of the other 9-methyl-3,4-dihydro-β-carboline compounds without substituents on the A-ring ( Fig. 1, ADHBCs) 19 . The results above further indicate that 2-phenyl-3,4-dihydro-β-carboline is a more promising lead structure than 2-phenyl-3,4-dihydroisoquinoline for development of new antifungal agents.
In conclusion, we synthesized a range of new 2-aryl-3,4-dihydro-β-carboline bromides and evaluated for their antifungal activity in vitro against phytopathogenic fungi. The most of the compounds were found to be more active than azoxystrobin, a positive fungicide, in most cases. Among all the fungi, F. solani showed the highest susceptibility to most of compounds and some of the compounds were more active than positive drugs thiabendazole and/or carbendazim. Compound 6-2 showed the greatest potential with IC 50 values of 7.18−19.2 μM for development of new antifungal agents. SAR analysis showed that substituents on both the A-ring and that the D-ring significantly impact the activity in an independent or combined manner, and the activity should be closely related with the electron density distribution of the molecular skeleton. Therefore, it is necessary to explore the in vivo activity of the compounds and conduct more extensive structure optimization.
Methods
Chemicals. Azoxystrobin (ASB, ⩾98%), thiabendazole (TBZ, ⩾99%) and carbendazim (CBZ, ⩾99%), three commercial fungicide standards, were purchased from Sigma-Aldrich Trading Co. Ltd. (Shanghai, China) . p-Tolyhydrazine hydrochloride, p-methoxyphenylhydrazine hydrochloride, p-fluorophenylhydrazine hydrochloride and 2-oxopentanedioic acid were bought from Aladdin Industrial Inc. (Shanghai, China). Other reagents and solvents were obtained locally and of analytical grade. The water used was ion-free.
Instruments. Melting 
Synthesis.
General procedure for the synthesis of compounds 6-1−6-34. According to our previous method 19 ,
intermediates 5a (R 1 = 5-Me), 5b (R 1 = 5-OMe), 5c (R 1 = H) and 5d (R 1 = 5-F) were prepared via 6 steps starting from 2-oxopentanedioic acid and p-tolyhydrazine hydrochloride, p-methoxyphenylhydrazine hydrochloride, phenylhydrazine hydrochloride and p-fluorophenylhydrazine hydrochloride, respectively. Compound 5a, 5b, 5c or 5d (200 mg) reacted with aniline or substituted anilines in ethanol (20 mL) containing p-toluenesulfonic acid monohydrate (7.6 mg) at room temperature under stirring for 4 h to 3 d. After the end of reaction, the solvent was removed under reduced pressure. The resulting residue was suspended in ethyl acetate. After intensely stirring for about 10 min at room temperature, the solids were collected by filtration and repeatedly washed with ethyl acetate to provide the desired compounds 6. The 1 H and/or 13C NMR data of the compounds above were showed in Supporting Information and consistent with those in literature. 9-methyl-2-phenyl-3,4-dihydro-β-carbolin-2-ium bromide . Yield, 94%; orange powders; The NMR data and melting point were consistent with those previously reported by us 19 . Synthesis of 7-fluoro-9-methyl-2-phenyl-β-carbolin-2-ium bromide (7) . To a solution of compound 6-32 (0.2 mmol) in acetonitrile (40 mL) was added 5% Pd/C (wetted with ca. 55% water) (0.17 mmol, 80 mg). The mixture was refluxed at 80 °C for about 3 days to complete the reaction. The Pd/C powders in the reaction solution was filtered off through a sand core funnel and completely washed with methanol. The combined solution was evaporated under vacuum to yield the desired compound 7. The 1 H and 13 C NMR data matched those previously reported by us 21 .
6,9-Dimethyl-2-phenyl-3,4-dihydro-β-carbolin-2-ium bromide (6-1

